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Chapter-1 
 
1. Introduction 
 
Adsorption occurs whenever a solid surface is exposed to a gas or liquid: 
it is defined as the enrichment of material or increase in the density of the 
fluid in the vicinity of an interface, such as gas-liquid, gas-solid, 
liquid-solid and so on. In this thesis, gas-solid adsorption system is 
described. Under certain conditions, there is an appreciable enhancement in 
the concentration of a particular component and the overall effect is then 
dependent on the extent of the interfacial area. For this reason, all industrial 
adsorbents have large specific surface area and are therefore highly porous 
or composed of very fine particles.  
Adsorption phenomena have great technological and scientific 
importance [1-5]. Thus, various adsorbents have been used on a large scale 
as desiccants, catalysts or catalyst supports and have been also used for the 
separation of gases, the purification of liquids, pollution control or for 
respiratory protection [6-8]. In addition, adsorption phenomena play a vital 
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role in many solid-state reactions and biological mechanisms. Microporous 
materials are classified into crystalline and less-crystalline types. Porous 
carbons such as activated carbon fibers (ACFs) are representative 
less-crystalline microporous material. Porous carbons have gathered much 
attention from science and technology and they hold a great potential for 
application in gas storage, electronic devices, and for environmental 
technologies such as removal of pollutants. Their applications are governed 
by such characteristics as surface area, pore width, pore size distribution, 
and pore-wall surface chemistry. ACF is one of the recently developed 
microporous carbons and it has large microporosity and excellent 
adsorption characteristics for various vapors. 
Single wall carbon nanohorn (SWNH) is a family of carbon nanotube 
(CNT). A single wall carbon nanohorn (SWNH) is composed of a single 
graphitic sheet wrapped to a nanosized tubules closed with cone caps which 
average cone angle is 20o. The SWNHs are produced by laser ablation of 
graphite without a catalyst, with high rate and high purity [10].  
CNT and SWNH were developed by Iijima in 1991 and 1999 [9-10]. 
CNT and SWNH are expected to hold a great potential for 
nanotechnological application in various fields such as gas storage [11-13], 
field emission displays [14], and supercapacitors [15]. In particular, 
reversible storage of supercritical gases on these materials has gathered 
much attention from energy and environmental protection fields. [11-13]. 
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They, which are nanoporous carbon of new type, have been studied as 
adsorbents for gas adsorption. 
   ACF are amorphous carbon, consisting of sp2 hexagonal graphite 
structure. From the point of view of chemical structure, ACFs are 
characterized by a certain degree of surface chemical heterogeneity. It is 
related to the presence of heteroatoms such as oxygen, hydrogen, nitrogen, 
phosphorus, and inorganic ash components. These heteroatoms are derived 
either from the starting material or chemically bonded to the structure 
during preparation. Although the adsorption capacity of ACF depends on 
the pore structure and pore volume, there are other factors also determining 
the adsorption behavior of ACF. 
 Recently, adsorption technology is focused on the new storage method 
of clean energy such as hydrogen and methane. The compression and 
liquefaction method has been adopted for the storage of hydrogen and 
methane need a high pressure and the large cost of the tanks used for 
storage and the high-pressure facilities necessary limit the practical using 
the clean energy. However, the car using hydrogen and methane are not 
spread to the world due to the difficulty of large amount gas storage 
because hydrogen and methane do not condense to high density like liquid 
at ambient temperature, which is called supercritical gas, and the boiling 
temperature of hydrogen and methane are very low (20 K and 111 K, 
respectively). It has been required to achieve high density and safety 
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storage of supercritical gas [16-18].  
Adsorption on the porous material is a hopeful method to realize the 
high-density storage of these clean energies at the moderate conditions [19]. 
As nanopores have deep interaction potential walls, nanopores systems can 
be applied to the gas storage. The nanocarbon such as activated carbon 
fiber [20,21], single-wall carbon nanotube (SWNT) [22], and single-wall 
carbon nanohorn (SWNH) [10,23] has been studied for supercritical gas 
storage. Therefore, it is necessary to design the nanopore structure, which is 
suitable for an adsorptive molecule for a more efficient storage of 
supercritical gas. However, many carbon materials are still difficult to 
control nanopore scale structures. But, activated carbon fiber (ACF) is one 
of the suitable targets material due to high surface area, large microporosity 
and excellent adsorption characteristics and low cost.  
In this thesis, we prepared ACFs with reactivation method for 
supercritical gases adsorption. We also prepared activated SWNHs with 
vacuum impregnated water steam activation method. Accordingly, a pore 
structure controlled material has been requested for the supercritical gas 
storage. 
The outlines of the thesis are summarized as follows. 
In chapter 1, I described activated carbon fibers, single wall carbon 
nanohorn and other porous carbons very helpful adsorbent in the future gas 
adsorption fields. 
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In chapter 2, I described activated carbon, activated carbon fiber, and 
single wall carbon nanohorn, introduce the fundamental theory of 
adsorption which are adsorption interaction and type of the isotherms. 
In chapter 3, I described CO2 reactivation of the ACFs and pore structure 
changing. The resultant reactivated ACFs were characterized by N2 
adsorption at 77K and scanning electron microscopy (SEM). The 
supercritical gases methane and hydrogen interacted with the extremely 
high surface area ACFs are described. 
In chapter 4, I described SWNHs with vacuum impregnated water steam 
vapor activation. SWNHs were characterized by N2 adsorption at 77 K, 
scanning electron microscope (SEM) and transmission electron microscope 
(TEM). The SWNHs are investigated by TG-DTA before and after 
activation. 
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Chapter 2 
 
 
Porous Carbon Material and Fundamental  
Theory of adsorption 
 
  2.1 Porous Carbon material 
  
Porous carbons have gathered much attention from science and 
technology [1, 2] and they hold a great potential for application in gas 
storage [3, 4], electronic devices [5, 6], and for environmental technologies 
such as removal of pollutants. A variety of porous carbons, which have 
different morphologies such as fiber [7], film [8], and monolith [9, 10], and 
have different pore widths from ultramicropores to mesopores, have been 
developed, inducing new science and technology. 
 
(1) Activated carbon 
 
There is no precise definition of an active carbon, but it is generally 
understood to be a carbonaceous material of appreciable specific surface 
area [11]. Activated carbon is the collective name for a group of porous 
  9 
carbonaceous materials, manufactured normally by thermal decomposition 
of carbonaceous material followed by activation with steam or carbon 
dioxide at elevated temperature (973 K – 1373 K). The activation process 
involves essentially the removal of tarry carbonization products formed 
during the pyrolisis, thereby opening the pores. All activated carbons have 
a porous carbon structure, usually with small amounts of chemically 
bonded heteroatoms such as oxygen, hydrogen.  
          (a)                                (b) 
Figure 1. Schematic representation of (a) non-graphitizable carbon  
and (b) graphitiazble carbon. 
Since generally speaking, carbons are classified as non-graphitizable and 
graphitizable, this separation can be the basis for the analysis of the 
activated carbon structure [12]. A schematic representation of the two 
groups of non-graphitizable and graphitizable carbons is shown in Figure 1 
[13]. By definition, a non-graphitizable carbon is a non-graphitic carbon, 
which cannot be transformed into graphitic carbon solely by high 
temperature treatment up to 2973 K at atmospheric or low pressure. The 
structure of non-graphitizable carbons is based on the graphite lattice, 
although in very defective forms. Activated carbon is one of 
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non-graphitizable carbon. Graphite is composed of layer planes formed by 
carbon atoms ordered in regular hexagons. The basal plane of graphite 
structure is made up of benzene-like hexagonal nets of carbon atoms.  
  The classification of pores according to size has been under discussion, 
but in the past the terms micropore and macropore have been applied in 
different ways by physical chemists and some other scientists. In an attempt 
to clarify this situation, the limits of size of the different categories have 
been proposed by the International Union of Pure and Applied Chemistry 
(IUPAC). As indicated, the pore size is generally specified as the pore 
width, i.e. the available distance between the two opposite walls. Following 
the IUPAC recommendations, the pores in adsorbents may be classified in 
three groups [14].  
Micropores, for which the width does not exceed 2 nm, become filled at 
low relative pressures and are responsible for most of the strong adsorption 
capacity of activated carbons. A more precise classification would 
distinguish two types of micropores, narrow (up to 0.7 nm) and wide (from 
0.7 to 2.0 nm). As a consequence of the overlapping of the adsorption 
potential of opposite pore walls, the filling of the microporosity 
corresponds to the initial steep portion of the adsorption isotherm at low 
relative pressure. 
  Mesopores, with widths from 2.0 to 50 nm, in which the adsorbate 
condenses in a liquid-like state by capillary condensation and a meniscus is 
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formed; as a consequence, a hysteresis loop appears on desorption and its 
interpretation can lead to the distribution of mesopores in the carbon. 
  Macropores, with widths exceeding 50 nm, cannot be filled by capillary 
condensation. The limit of 50 nm is artificial and it corresponds to the 
practical limit of the method for the size determination based on the 
analysis of the hysteresis loop. 
  The idealized physical model conventionally accepted for micropores in 
carbons is that of the slit [15]. This is based on the presence of 
graphitic-like layer planes as the upper and lower bonds of the slit, and on 
experimental evidence showing, in the same carbon, adsorption of flat 
molecular probes (typically benzene) and non-sorption of spherical 
molecular probes of similar physical properties (typically 2, 
2-dimethylpropane). The slit shape has also been used to generate an 
elegant theoretical model that accounts for enhancements of heat of 
adsorption in molecular-sized pores [16]. This theory has been further 
refined in an attempt to predict pore size distributions based on nitrogen 
adsorption data at 77 K. The slit-model is compatible with the theory of 
volume filling of micropores [17], the basis of the widely applicable 
Dubinin-Radushkevitch equation [18] and its extensions [19, 20]. The 
equation of pore shape has been reviewed in terms of expected isotherm 
shape, but only in the range where constructions based on capillary 
condensation are physically reasonable. Since the interpretation of 
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adsorption data is critically dependent on the pore model chosen for 
micropores as well, it is worthwhile testing the slit-model for carbons 
further. 
 
(2) Activated Carbon Fiber 
 
  The production of highly effective fibrous carbon adsorbents with low 
diameter, excluding or minimizing external and intradiffusional resistance 
to mass transfer, and therefore, exhibiting high adsorption rates, is a 
challenging task for investigators in the science and technology of 
adsorption. These fibrous carbon adsorbents can be converted into a wide 
variety of textile forms and nonwoven materials. With low hydrodynamic 
resistance, to be used in thin layers for the treatment of high gas flows, 
these materials will increase efficiency and permit a far greater flexibility 
and simplification in the design of adsorption processes for environmental 
pollution control. The use of ACFs can also help eliminate problems caused 
by channeling and setting of activated carbon powders. Thus efforts have 
been under way for almost a decade to prepare cheaper ACFs with a 
uniform pore size distribution and high surface area. ACFs are the 
representative of microporous carbons consisting of disordered 
nanographites. ACFs have excellent adsorptivity due to large specific 
surface area, pore volume, and uniform microporosity. ACFs are classified 
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as cellulose, polyacrylonitrile (PAN), phenol resin, and pitch-based ACF by 
precursor materials. The stabilized fibers are carbonized and activated with 
CO2 or steam. The extent of burn-off governs the pore structure such as 
pore width, surface area. The oxidative activation introduces oxygen 
surface groups on the pore-wall surface. The extensive burn-off at 
condition of high activation temperature tends to increase the surface area 
with less induction of surface oxygen surface functional groups. Figure 2 
shows schematically the pore structures of ACF and granular activated 
carbon [22]. Pore opening of ACF occurs from the external surface with 
short diffusion time of oxidizing gases due to their thin fiber diameter. On 
the other hand, the oxidation begins at the external surface of the granular 
carbon and oxidizing gases gradually diffuse into the inside of the granular 
through the pores produced at the external surface. Hence, the external 
surface of granular carbon shows most extensive gasification, and thereby 
mesoporosity is produced. In contrast, inside of granular carbon shows 
microporosity due to its less extent of gasification. Figure 2 also shows the 
schematic diagram of pore structure of single-walled carbon nanotubes 
(SWNTs). 
  PAN-based ACF [23, 24] contains a significant amount of nitrogen 
atoms of which amount varied from 3-10 wt.% according to the activation 
conditions. Cellulose and phenol resin-based ACFs are poorly graphitic 
structure, containing more oxygen surface functional groups. The 
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pitch-based ACF is most graphitic structure and least oxygen surface 
functional groups. 
 
 (3) Carbon Alloys 
 
Carbon materials are one of the most familiar materials to human life as 
char fuels, electrodes for steel making, reinforcements in composites, 
battery electrodes, deodorants, heart valves, etc. Various elements react 
with carbon to produce substitutional compounds. The elements easily 
replace themselves with carbon atoms or intercalate into carbon materials. 
On the other hand, pure carbon has a variety of structures and properties. 
Carbon materials consist of carbon atoms with sp1, sp2, and sp3 bonds, 
hydrogen and another elements. The variety of carbon materials can be 
achieved by carbon alloying. It is recognized that carbon interacts with 
many elements. However, it is also recognized that no clear information is 
available on the reaction between them, their phase diagrams, and the 
properties of the products. Carbon alloys will be one of the much more 
important materials for human life and science. 
 
(4) Carbon nanotubes and Carbon nanohorns  
 
As, the Figure 2 shows carbon nanotubes (CNTs) [1] are allotropes a 
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cylindrical nanostructure. Nanotubes have been constructed with 
length-to-diameter ratio of up to 28,000,000:1, [25] which is significantly 
larger than any other material. These cylindrical carbons molecular have 
novel properties that make them potentially useful in many applications in 
nanotechnology, electronics, optics and other fields of material science, as 
well as potential uses in architecture fields. They exhibit extraordinary 
strength and unique electrical properties, and are efficient thermal 
conductors. Their final usage, however, may be limited by their potential 
toxicity and controlling their property changes in response to chemical 
treatment. Nanotubes are members of Nanotubes are members of the 
fullerene structural family, which also includes the spherical buckyballs. 
The ends of a nanotube might be capped with a hemisphere of the 
buckyball structure. Their name is derived from their size, since the 
diameter of a nanotube is on the order of a few nanometers (approximately 
1/50,000th of the width of a human hair), while they can be up to several 
millimeters in length (as of 2008). Nanotubes are categorized as 
single-walled nanotubes and multy walled nanotubes MWNTs).  
The nature of the bonding of a nanotube is described by applied quantum 
chemistry, specifically, orbital hydridization. The chemical bonding of 
nanotubes is composed entirely of sp2 bonds, similar to those of graphite. 
This bonding structure, which is stronger than the sp3 bonds found in 
diamonds, provides the molecules with their unique strength. Nanotubes 
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naturally align themselves into "ropes" held together by Van der Waals 
forces. 
Recently, a new SWNT-related material, which was named single-wall 
carbon nanohorns (SWNHs), was synthesized by Iijima et al [26-29]. 
SWNHs, are composed of a single graphitic sheet wrapped to a nanosized 
tubeles closed with average cone angle is 20o which have high yield, high 
production rate, and high purity, can be prepared by CO2 laser ablation of 
pure graphite at room temperature without any metal catalyst [26]. 
Individual tubules of SWNHs have a diameter of about 2-3 nm with a 
length of 30-50 nm, and they form spherical aggregates of about 80 nm in 
diameter, as shown in Figure 2 of chapter 4. 
 
 
 
2.2 Fundamental Theory of adsorption 
 
(1) Adsorption  
 
Adsorption phenomenon is equilibrium phenomenon between the 
interfaces such as solid-liquid, solid-gas, and liquid-liquid. In the case of 
the solid-gas phase, the adsorbed layer density near the solid surface is 
higher than the bulk density and gradually decreases to same as the bulk 
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gas density when the distance from the solid surface becomes far. This 
phenomenon is widely used for the study on the state of the surface and 
nanostructure analysis in academic and for the material storage, separation, 
and catalysis in industry. Some of the principle terms associated with 
adsorption are defined in Table 1.  
Table 1. Definition terms of adsorption [30] 
Term Definition 
Adsorption 
Enrichment of one or more components in an 
interfacial layer 
Adsorbate Substance in the adsorbed state 
Adsorptive Adsorbable substance in the fluid phase 
Adsorbent Solid material on which adsorption occurs 
 
 The adsorption phenomena are distinguished in physical and chemical 
adsorption. Physical adsorption is caused by the interaction that is mainly 
the dispersion force between the surface and molecules and forms the 
multilayer because the interaction force works for a long distance (several 
nm). On the other hand, chemical adsorption is caused by the charge 
transfer interaction or chemical bond generation between the surface and 
molecules and confined to only a monolayer. Therefore, the properties of 
physical and chemical adsorption are different, as shown in Table 2. In this 
thesis, the adsorption indicates physical adsorption. 
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Table 2. Comparison of physical and chemical adsorption [31] 
 Physical adsorption Chemical adsorption 
Adsorption amount > monolayer capacity < monolayer 
Adsorpiton rate quick slow 
Heat of adsorption < 100 kJ /mol > 100 kJ / mol 
Specific interaction none dominant 
Reversibility dominant none 
 
(2)  Adsorption Isotherms 
 
 The adsorption amount, n, on the solid surface depends on the measuring 
pressure, temperature, natures of the fluid and the solid. Thus, the 
adsorption amount can be expressed as 
)solid,fulid,T,P(fn =             (2.1) 
 In general, the adsorption measurement carried out a function of pressure 
at constant temperature T, and then the equation can simply to 
solid,gas,T)P(fn =               (2.2) 
This relation is called the adsorption isotherm. When the temperature is 
below the critical temperature, the equation is given by using saturate vapor 
pressure P0 
solid,gas,T)P/P(fn 0=            (2.3) 
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where P/P0 is relative pressure. 
 The phenomenon in which the adsorbate adsorbs on the interface is 
termed the adsorption. On the contrary, the phenomenon in which the 
adsorbate leaves from the interface is termed desorption. If the adsorption 
amounts of the adsorption process do not coincide with that of the 
desorption process, this phenomenon is called the hysteresis. The 
adsorption amount is always smaller than the desorption amount in the 
hysteresis region. 
 
(3) Types of Adsorption Isotherms   
 
Brunauer, Deming, Deming and Teller proposed a classification of the 
adsorption isotherms on the vapor into five types called BDDT 
classification in 1940 [32]. In addition, Sing proposed the step like 
adsorption isotherm [33]. The classification of this six type adsorption 
isotherm on the vapor is accepted by the IUPAC shown in Figure 3.  
The type I isotherm is concave to the relative pressure (P/P0) axis. It 
rises sharply at low relative pressures and reaches a plateau. The main 
feature of a reversible type I isotherm is the long plateau, which is 
indicative of a relatively small amount of multilayer adsorption on the open 
surface. Micropore filling may take place either in pores of molecular 
dimensions (primary micropore filling) at very low P/P0 or in wider 
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micropores (co-operative filling) over a range of higher P/P0.  
  The type II isotherm is normally associated with monolayer-multilayer 
adsorption on an open and stable external surface of a powder, which may 
be non-porous, macroporous or even, to a limited extent, microporous. The 
smooth, non-stepwise character of a type IIa isotherm is often associated 
with energetic heterogeneity in the adsorbent-adsorbate interactions. There 
are many aggregated powders that appear to give normal type II adsorption 
isotherms. Generally, type IIb isotherms are obtained with aggregates of 
plate-like particles, which possess non-rigid slit-shaped pores. Because of 
delayed capillary condensation, multilayer adsorption is able to proceed on 
the particle surface until a high P/P0 is reached. Once the condensation has 
occurred, the stated of the adsorbate is changed and desorption curve 
therefore follows a different path until the condensated becomes unstable at 
a critical P/P0. 
  A type III isotherm is convex to the P/P0 axis over the complete range. 
This feature is indicative of weak adsorbent-adsorbate interactions. True 
type III isotherms are not common.  
  The type IV isotherm, whose initial region is closely related to the type II 
isotherm, tends to level off at high relative pressures. It exhibits a hysteresis 
loop, the lower branch of which represents measurements obtained by 
progressive addition of gas of the adsorbent, and the upper branch by 
progressive withdrawal. The hysteresis loop is usually associated with the 
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filling and emptying of the mesopores by capillary condensation. Type IV 
isotherms are common but the exact shape of the hysteresis loop varies 
from one system to another. 
  The type V isotherm is initially convex to the P/P0 axis and also levels 
off at high P/P0. As in the case of the type III isotherm, this is indicative of 
weak adsorbent-adsorbate interactions. A type V isotherm exhibits a 
hysteresis loop, which is associated with the mechanism of pore filling and 
emptying. Such isotherms are relatively rare. 
  The type VI isotherm, or stepped isotherm, is also relatively rare and is 
associated with layer-by-layer adsorption on a highly uniform surface. The 
sharpness of the steps is dependent on the system and the temperature. 
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Chapter 3 
 
 
Methane and Hydrogen Adsorptivities of Extremely 
High Surface Area-Activated Carbon Fiber 
 
 
3.1 Introduction 
 
Activated carbon fibers (ACFs) have excellent adsorptivity due to large 
specific surface area, pore volume, and uniform microporosity. ACFs have 
been studied extensively both from fundamental and industrial aspects 
[1-3]. The adsorption properties of ACFs are controlled by their pore width 
and pore-wall chemistry. Hence the relationship between the pore width 
and adsorption characteristics has been actively studied [4-6]. As to the 
pore wall chemistry, the pore-walls of ACF are partially oxidized or 
modified with other chemical substances in order to get better adsorbents or 
catalysts [7-13]. Activated carbon fiber (ACF) is one of the recently 
developed microporous carbons and it has large microporosity and 
excellent adsorption characteristics for various vapors. The micropore 
structures of various kinds of ACFs have been actively studied. Since 
  28 
pitch-based ACFs of different pore width can be prepared by controlling 
the burn-off conditions, their hydrophobic micropore spaces are available 
for study on confinement effect of molecular assemblies. 
Development of carbon adsorbents [14-19] of high microporosity for 
storage of supercritical H2 and CH4 is one of research subjects 
indispensable to construct sustainable technologies. A single graphene sheet 
has a specific surface area of 2630 m2g-1. If we can produce pillared 
structures of nanoscale-graphene sheets, the surface area should go over the 
limit value (2630 m2g-1) of the surface area of the infinite grapheme [20]. 
This is because the nanoscale graphene-like units have edges to contribute 
to the effective surface area; the surplus of the surface area from 2630 m2g-1 
indicates the contribution of edge carbons of the nanoscale graphene units. 
In the previous study activated carbon whose surface area is larger than 
2630 m2g-1 was named superhigh surface area carbon [21]. Also the 
Subtracting Pore Effect (SPE) method for αs-plot was recommended to 
determine the exact surface area of the superhigh surface area carbon using 
the N2 adsorption isotherm [22]. In addition surface morphologies were 
also characterized by using scanning electron microscopy (SEM). The 
present letter reports preparation of extremely high surface area activated 
carbon fibers with successive CO2 reactivation and their adsorption 
characteristic for supercritical CH4 and H2. 
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3.2 Experimental  
 
Pitch-based activated carbon fiber (ACF) (Ad’all Co) was used. The 
ACF was reactivated at 1173 K for 1~12h in a stream of CO2 (flow rate: 
100 ml min-1) and it was cooled down in Ar; the ACF reactivated for t hour 
is denoted ACF-t in this article. The rates of elevating and lowering 
temperature were regulated to be 10 Kmin-1. Here CO2 was flowed during 
cooling only for ACF-6 in addition to the CO2 activation for 6h at 1173 K 
and thus-treated ACF-6 is named ACF-6C. The burn-offs of ACF-6 and 
ACF-6C were similar to each other, as shown in Table 1. The micropore 
structure of ACF-t samples was determined from N2 adsorption isotherms 
at 77 K. The N2 adsorption isotherms were analyzed by the SPE method for 
the αs-plots, BET method and DR plot. The N2, and H2 adsorption 
isotherms were measured volumetrically (Quantachrome AS-1 MP) after 
preheating at 423 K and <10-3 kPa for 2h. The high pressure adsorption 
isotherms of methane on ACF and ACF-6C were measured at 303 K 
gravimetrically after preheating at the same conditions as the N2 adsorption 
measurement. The compressing ACF was prepared at 500 kg/cm2 and under 
vacuum, and the packing density is 1.1 g/cm3. Themorphological structures 
of reactivated ACFs were examined with FE-SEM. 
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3.3 Results and Discussion 
 
Figure 1 shows burn-off of pitch-based activated carbon fiber with 
respect to activation time at constant temperature of 1173 K in order to 
determine the extent of the activation reaction. The burn-off increases 
linearly with the activation time. But the burn-offs are very similar around 
the activation time 6 hours. Figure 2 also shows after 6 hours reactivation 
time the BET surface not changing remarkable. Thereby, time is would be 
good for CO2 reactivation of 6h. 
We can observe variations of morphologies on external surface of ACFs 
by using the SEM, which is the most widely utilized technique to 
characterize the surface morphologies of materials. Figure 3 shows SEM 
photographs of external surface on the ACFs before and after reactivation. 
Figure 3 (a) and (b) are SEM photographs of pristine ACF are smooth 
external surface. Figure 3 (c) ~ (h) are reactivated ACFs are give marked 
change in somewhere of surface. However, the SEM technique cannot 
provide the accurate information on the morphology change of ACFs, but 
due to reactivate the bigger damaging hole were exposed.  
Figure 4 shows N2 adsorption isotherms (77 K) of CO2 reactivated ACFs. 
All adsorption isotherms are of Type I, suggesting the presence of uniform 
microporosity. The saturated amounts of N2 adsorption at P/P0 = 1 increase 
with reactivation time. The saturated amount of N2 adsorption on ACF12 is 
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about 2 times larger than that of ACF. The N2 adsorption isotherms of all 
ACFs show steep uptake at the low P/P0 due to monolayer adsorption on 
the micropore walls. However, that of ACFs shows a gradual adsorption 
uptake until P/P0 = 0.1 due to second layer adsorption on the monolayer 
adsorbed micropore walls. Figure 5 shows high resolution N2 adsorption 
isotherms of reactivated ACF-6, ACF-6 and original ACF at 77 K. The N2 
adsorption also gradually increases almost linearly with log (P/P0) until 
P/P0 = 0.1, accompanying a jump near P/P0 = 0.1. The reactivated ACF has 
a larger slope of the linear increase and the explicit adsorption jump 
compared with the original ACF.  
Figure 6 shows the high-resolution αs-plots for N2 adsorption isotherms 
at 77 K. The slope of the line passing through the origin and the point at αs 
= 0.5 leads to the total surface area. The intercept and slope of the line 
above αs = 1 with the ordinate gives the micropore volume and the external 
surface area, respectively. The average pore width was obtained by the 
simple geometrical slit pore approximation. The αs-plot for microporous 
materials has one or two upward swings below αs = 1.0. The swings at 
lower αs region (f-swing) and at higher αs region (c-swing) are indicated 
the filling and condensation swings, respectively. The f-swing and c-swing 
are due to adsorption by smaller micropores and by larger micropores, 
respectively. ACF shows only f-swing below αs = 0.5, suggesting presence 
of only smaller micropore. The αs-plot of ACF shows a typical shape of 
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microporous carbon having ultramicropores. On the other hand, ACFs 
shows the f-swing and c-swing in the αs region of 0.5 to 1.0, suggesting 
presence of both ultramicropore and larger micropore. 
Figure 6 (b) shows the corresponding αs-plots. The preceding simulation 
study showed that the slope of the linear increase of the αs-plots below αs = 
0.8 gives a true specific surface area without overestimation even for 
highly activated carbon [23]. 
Figure 7 shows DR-plots for the N2 adsorption isotherms (77 K) of ACF 
samples. All the DR-plots are linear in the low-pressure range. However, 
the DR-plot of ACF-6C shows good linearity in the wide pressure range. It 
is well-known that smaller uniform microporous carbon gives a linear 
DR-plot over a wide range of P/P0. Therefore, this result indicates that 
ACF-6C has smaller micropores and homogeneous microporosity, which 
coincides with the result obtained from αs-plot.  
Table 1 summarizes the micropore parameters from the N2 adsorption 
isotherms and burn-off of the ACFs. The surface area and micropore 
volume increases with reactivation time. In particular, the micropore 
volume dramatically increases after longer reactivation time. The longer 
reactivation time also results in wider average micropore width.  The total 
surface area of the pristine ACF is 1730 m2g-1. The reactivation for more 
than 6h induces a specific surface area of more than 2630 m2g-1; the 
resultant largest surface area is 3320 m2g-1. Accordingly, theses ACFs have 
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an extremely high surface area. As the SPE method can determine both of 
the micropore volume and micropore surface area without overestimation, 
the average micropore width is evaluated under the assumption of the slit 
pore model, as shown in Table 1. Thus-determined average pore widths of 
the extremely high surface area carbon fibers are in the range of 1.0 to 1.5 
nm. The Lennard-Jones size parameter of a CH4 molecule is 0.3721nm and 
thereby the pore width corresponds to 2.7 to 4.3 layers of the CH4 molecule 
[24]. Consequently these ACFs are expected to show an excellent methane 
adsorptivity from the simulation study [25,26]. Figure 8 shows the 
high-pressure methane adsorption isotherm at 303 K up to 8 MPa; the 
adsorption amount at 8 MPa is 190 mgg-1. The saturated adsorption amount 
was estimated from the Langmuir plot to be 220 mgg-1 of the saturated 
adsorption. This adsorption amount is larger than those reported earlier 
[27-29]. Thus, the newly developed ACF of extremely high surface area 
gives a useful guideline of carbon adsorbents for methane storage. The 
corresponding vol. % at 3.5 MPa at 303K is 190 v(STP)/v under the 
assumption of the complete packing of ACFs, which satisfies the recent 
DOE target value 180 v(STP)/v at 3.5 MPa [30]. Hence, these extremely 
high surface area ACFs are hopeful applicants for methane storage. On the 
other hand, this extremely high-surface area ACFs also can adsorb 
sufficiently supercritical hydrogen (2.4 wt % at 77 K and 0.1MPa), as 
shown in Figure 9. The ACF-6C shows the biggest adsorbed amount at 0.1 
  34 
MPa. The adsorption isotherm is upward deviated, suggesting the presence 
of the strong interaction between H2 and ACF. Accordingly ACFs which 
have abundant ultramicropores and extremely high surface area can be 
valuable model adsorbents for supercritical H2. 
 
3.4 Conclusion 
 
The extremely highsurface area activated carbon fibers with successive 
CO2 reactivation at 1173K was succeed. The highest surface area is 2990 
m2g-1. The CH4 adsorption capacity reaching at 3.5MPa and 303K is 190v/v 
for methane this is larger than the DOE target value and the hydrogen at 
0.1MPa 77K was 2.40 wt%. 
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Figure 1. The burn-off with activation time 
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Figure 2. The BET surface area with the reactivation time and burn-off 
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Figure 3. SEM imaging of external surface of pristine ACF (a) and (b), 
reactivated ACFs are (c) ~ (h). 
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Figure 4. The N2 adsorption isotherms of ACFs at 77K 
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Figure 5. N2 adsorption isotherms of ACFs at 77 K in a logarithmic scale 
of relative pressure. ( ●,  ○ ) ACF, ( ■, □ ) ACF-6C, ( ▲, △ ) ACF-6. 
Open symbols: adsorption branch. Solid symbols: desorption branch. 
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Figure 6. αs –plots for the N2 adsorption isotherms of the ACFs at 77 K. (a) 
is ACFs (b) is (◯) ACF, (□) ACF-6C, (△)ACF-6.  
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Figure 7. DR-plots of the N2 adsorption isotherms on ACFs 
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Figure 8. High-pressure methane adsorption isotherms of ACFs at 303K. 
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Figure 9. Hydrogen adsorption isotherms of ACFs at 0.1 MPa and 77K.  
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TABLE 1. Pore structure parameters of ACFs from N2 adsorption  
isotherms at 77K and burn-off 
 
Sample aBET aSPE aext Wo w Burn-off (m2g-1) (m2g-1) (m2g-1) (mlg-1) (nm) (%) 
ACF 1830 1720 120 0.69 1.10 - 
ACF-1 1970 1930 110 0.78 1.11 27 
ACF-4 1910 1960 100 0.76 0.97 49 
ACF-5 2810 2420 120 0.98 1.33 57 
ACF-6 2990 2490 320 1.04 1.35 62 
ACF-7 3020 2500 180 1.05 1.38 70 
ACF-8 3160 2550 170 1.09 1.41 74 
ACF-9 3120 2580 110 1.09 1.44 77 
ACF-10 3120 2590 110 1.11 1.45 80 
ACF-12 3170 2630 110 1.11 1.51 85 
ACF-6C 3320 2930 90 1.19 1.24 63 
a aBET is total surface area determined by BET method. b aSPE, aext, w are 
total surface area, external surface area and average pore width determined 
by SPE method for αs-plot. c Wo is micropore volume obtained by DR plot. 
d Burn-off (wt%). 
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Chapter 4 
 
Steam Activation of Single Wall Carbon Nanohorn 
 
4.1 Introduction 
 
Single-wall carbon nanotubes (SWNTs) [1] are expected to hold a great 
potential for nanotechnological application in various fields [2-5]. Recently, 
a new SWNT-related material, which was named single-wall carbon 
nanohorns (SWNHs), was developed by Iijima et al. [6-9] SWNHs, which 
have high yield, high production rate, and high purity, can be prepared by 
CO2 laser ablation of pure graphite at room temperature without any metal 
catalyst. Individual tubules of SWNHs have a diameter of about 2-3 nm 
with a length of 30-50 nm, and they form spherical aggregates of about 80 
nm in diameter, as shown in Figure 1. Such SWNH aggregates provide 
both of microporosity and mesoporosity, which are dependent on opening 
and assembly structure of nanohorns. Basic geometric structures of 
SWNT-related materials are tubular structures having the tips closed by 
hemispherical, polyhedral, or horny graphitic caps. Such inner empty 
spaces of individual tubules of SWNT-related materials are available for 
gas adsorption and storage after tube opening [10]. Various techniques such 
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as oxidation in gas and liquid phases oxidizing agents for nanotube opening 
have been actively reported [11-13]. Murata et al. [14] and Bekyarova et al. 
[15] reported the effects of thermal treatment in oxydizing gas atmosphere 
on porosity of SWNHs. The thermal oxidation treatment produced the 
nanowindows on the wall of nanohorn, and thereby porosity of SWNHs 
was enhanced. SWNH aggregates should be also having possibility for 
application in gas separation, which can be realized by the size control of 
the nanowindows. 
Then, microporosity and mesoporosity of SWNH aggregates before and 
after activation were investigated by N2 adsorption at 77 K. The porosity 
changes of SWNHs heat-treated in oxygen atmosphere were reported and 
TG-DTA analyses determined the components of as-grown SWNH:  
amorphous carbon 2.5 wt %, defective carbon at the cone part 15 wt %, 
tubular carbon 70 wt %, and graphitic carbon 12 wt %. These systematic 
analyses provided the exact internal nanopore volume of 0.49 mL/g for 
pure SWNH particles [16]. 
The partial oxidation of SWNHs with O2 opens the internal pores, giving 
a larger surface area than the as-grown SWNH.  This paper describes that 
the steam activation of SWNH with Ca(NO3)2 can control the nanoporosity 
in a different way from the O2 oxidation. 
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4.2 Experimental  
 
Ca(NO3)2 was impregnated on Dahlia-like SWNHs after evacuation with 
0.1~0.5mol/l Ca(NO3)2 ethanol solution and the impregnated SWNHs were 
heated to the target temperature and holding for 10 min  at an Ar 
atmosphere was carried out to keep the temperature constancy of the 
reaction. Then, impregnated SWCHs were activated in water steam vapor 
with Ar (200ml/min) at 1023 K for 1~12h (Fig. 1). The treated SWNHs 
were cooled in Ar atmosphere. The sample was  designated as 
SWNH-Caxh, where Ca is from impregnation reagent calcium ions and xh 
is the activation time in hours. The SWNH only treated with water steam 
vapor at 1023 K is SWNH-6h. The adsorption isotherms of N2 were 
measured volumetrically at 77 K with an Autosorb-1 (Quantachrom). The 
samples were pretreated at 423 K and 10-4 Pa for 2h before the adsorption 
measurements. The SWCHs were examined by thermogravimetry (TG) and 
differential thermal analysis (DTA). TG-DTA measurement were carried 
out in the oxygen flow of 100 mL/min over the temperature range of 
ambient temperature to 1073K with the heating rate of 3 K/min. Further, 
the transmission electronic microscopy (TEM) and scanning electronic 
microscopy (SEM) also were used to observe the SWNHs assemblies 
structures. 
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4.3 Results and Discussion 
 
Figure 2 shows the TEM imaging Dahlia-like structure of SWNHs. The 
figure 2 (c) activated SWNHs assemblies retain their shape and size after 
activation. SEM imaging of SWNHs also have not change before and after 
activation. 
Figure 2 shows the BET surface area of activated SWNHs as a function 
of the activation temperature. The BET specific surface area increases with 
the activation time up to 6 hours, and not change above the activation time. 
The biggest BET specific surface area is 1030 m2/g for SWNH-Ca6h; witch 
is three times larger than that of as-received SWNH. 
Figure 3 shows nitrogen adsorption isotherms at 77K. All nitrogen 
adsorption isotherms are of type Ⅱ according to IUPAC classification. 
The uptake in the adsorption isotherm at low relative pressure indicates 
presence of micropores. The activation of as-grown SWNH in steam vapor 
results in higher uptake at low pressure. The adsorption isotherms of 
activated SWNHs have a linear increase until P/Po=0.9, indicating creation 
of nanopores. The adsorption amount increases with the activation time 
until 6hrs and the decreases for a longer activation time. Therefore, 
activation more than 6hrs oxidizes the wall of SWNH too much. The 
adsorption isotherms of SWNH steam-activation with Ca(NO3)2 are 
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different from those of SWNH oxidized with O2: the isotherms of SWNH 
oxidized with O2 increases sharply until P/Po=0.4, accompanying with an 
almost constant region above P/Po=0.4. Accordingly, both activation 
methods should give different nanoporosity. The nanoporosity parameters 
are given in Table.1. The pore structural differences between O2 oxidation 
and this steam activation will be discussed.  
Activation with water steam vapor increases the total surface area, 
external surface area, and micropore volume. Activated SWNHs slightly 
increases the average micropore width from 1.1 nm to 1.3 nm. We can 
separate the interstitial and internal pores of SWNH aggregates. The 
interstitial and internal pores respectively mean spaces formed by assembly 
structure and inner cavity of individual SWNHs. Since pristine SWNH 
have closed geometric structure, N2 adsorption for them occurs only on the 
external surface of individual SWNHs. Therefore, subtraction of the 
adsorption isotherm of pristine SWNHs from that of SWNHs opened by 
activation provides the adsorption isotherm only in the internal pores. 
Figure 5 also shows the N2 adsorption isotherms of as-received, 
non-impregnated activated nanohorn (SWNH-6h) and Ca ion impregnated 
activated nanohorn (SWNH-Ca6h) at 77K. The amount of N2 adsorbed on 
SWNH-Ca6h dramatically changes with the impregnation Ca(CO3)2. The 
amount adsorbed on SWNH-Ca6h is the greatest, which is about three 
times higher than on as-received NH. Ohba and Kaneko showed that the 
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routine Brunauer-Emmett-Teller (BET) analysis of N2 adsorption isotherms 
cannot give the correct value of the absolute specific surface area of carbon 
nanotubes [17], but the BET surface area is available for the relative 
comparison. 
A comparison plot technique can elucidate effectively the effect of the 
activation time and impregnation on the nanowindow formation. The 
comparison plot between the amounts of N2 adsorbed on as-received NH 
and activated SWNHs, as shown in Figure 6, give us the verification that 
nanowindows are donated by the activation. If this plot is linear, a test 
sample has no any new type of pores, compared with the interstitial pores 
of as-received NH. Therefore, the SWNH-6h and SWNH-Ca6h are very 
different pores. On the other hand, the water steam vapor treatment 
provides remarkable upward deviations, which can be assigned to 
adsorption in micropores and mesopores. The nonlinearity of SWNH-6h 
and SWNH-Ca6h indicates that newly developed pores, which must come 
from the internal tube spaces of NH, have different molecular wall 
interaction energy from that of the interstitial pores. On the other hand, 
over 6 hours activation might be damage whole nanohorn walls. 
   TG-DTA analyses provided us important information concerned with 
the mechanism of the nanoporosity development of SWNH. Figure 7 shows 
the TG-DTA charts of as-received NH, SWNH-Ca6h and 
SWNH-Ca6h-HCl (washed with HCl). Figure 8 shows a shoulder around 
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780K. It is found that the DTA chart of as-grown NH consists of four 
exothermic peaks Usumi et al. [16]. They assume that four peaks are 
assigned to the combustion peaks of amorphous carbon, defective carbon 
having five- and/or seven-membered rings (mainly five-membered rings), 
[16,19,20] tubular graphene carbon, and graphitic carbon in the SWNH 
colloids, respectively. Here, “amorphous carbon” must be amorphous 
carbon nanoparitcles produced under laser ablation, which can burn off 
even at 573 K. “Defective carbon” indicates carbon atoms of five- and/or 
seven-membered rings and their neighboring carbons. This shoulder 
remains after activation it mean is the SWNH walls lead to burn-off does 
not from defective carbon. This is also different between the by oxygen 
activation and water steam activation.  
     Figure 9 shows DR-plots for the N2 adsorption isotherms (77 K) of 
SWNHs samples. All the DR-plots are linear in the low-pressure range. 
However, the DR-plot of SWNHs shows linearity in the pressure range. It 
is well-known that smaller uniform microporous carbon gives a linear 
DR-plot over a wide range of P/P0. The smaller pore comes from internal 
tube on SWNH walls. 
 
4.4 Conclusion  
 
The activated SWCHs were prepared with Ca(NO3)2 impregnated water 
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steam vapor activation method, the treatment considerably affects the 
microporosity of SWNH aggregates, which should be associated with the 
partial opening of closed nanohorns, enlargement of interstitial pores by 
intercalation of Ca(NO3)2 and burn-off with water steam vapor, the 
activated SWNHs increased surface area from 320 to 1060 m2 g-1. However, 
we associated this result mainly with the enlargement of interstitial pores. 
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Figure 1. Schematic Diagram of H2O Activation
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                                                           By Dr. S. Utsumi 
 
 
 
Figure 2. TEM images of SWNHs. (a) and (b) are as-received, (c) is 
activated SWNHs 
a b 
c 
20 nm 
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Figure 3. BET surface area related with activation time 
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Figure 4. N2 adsorption isotherms of SWNHs at 77K  
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Figure 5. N2 adsorption isotherms of as-received, activated SWNHs as 
different solution ethanol and water, non-impingent activation at 77K 
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Figure 6. Comparison plots between the amount of N2 adsorbed on 
as-received and activated SWNHs.  
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Figure 7. TG and DTA curves of as-received and activated SWNHs 
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Figure 8. TG-DTA curve of SWNH-Ca6h-HCl 
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Figure 9. DR-plot from N2 adsorption at 77K 
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Table 1. Pore structure parameters from N2 adsorption at 77K 
 
 
Sample 
Vmi Vme Vt ABET ASPE 
(ml/g) (ml/g) (ml/g) (m2/g) (m2/g) 
As-received 0.15 0.22 0.37 320 400 
SWCH-Ca1h 0.37 0.58 0.95 980 950 
SWCH-Ca4h 0.39 0.68 1.06 1050 1010 
SWCH-Ca6h 0.42 0.61 1.03 1060 1020 
SWCH-Ca8h 0.35 0.60 0.94 940 870 
SWCH-Ca12h 0.36 0.63 0.99 960 910 
SWCH-Ca6h-HCl 0.43 0.63 1.06 1100 1020 
a ABET is total surface area determined by BET method. b ASPE, Vt ,Vme, 
are total surface area, total pore volume and mesopore volume determined 
by SPE method for αs-plot. c Vmi is micropore volume obtained by DR plot. 
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Chapter 5 
 
Conclusions 
 
In this thesis, the control of the pore structure of ACF and SWNH was 
attempted. We prepared reactivated ACFs treated with the CO2 at various 
conditions and characterized the reactivated ACFs in order to elucidate 
effects of CO2 in pore structure, adsorption properties, surface chemistry, 
and surface morphological development. We also prepared activated 
SWNHs treated with water steam vapor method and analyzed in order to 
elucidate same way like ACFs.  
  In chapter 3, reactivated ACFs were prepared by CO2 of pyridine 
pitch-based ACF at 1173 K for 1-12 hours. The reactivated ACFs were 
characterized by N2 adsorption at 77 K and SEM. ACF-6C the largest BET 
surface area was almost 3320m2g-1. The extremely high surface area 
activated carbon fiber shows high pressure methane adsorption larger than 
DOE target vol.% (180v/v) at 3.5MPa and 303K is 190v/v. The adsorbed 
amount at saturated pressure 1.5 times larger than pyridine ACF. The 
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hydrogen adsorption at 77 K and 0.1MPa was 2.4 wt%. 
In chapter 4, steam activation with 0.5 mol/l Ca(NO3)2 ethanol solution 
increase of surface area from 320 to 1060 m2g-1. But, steam activation with 
Ca(NO3)2 solution production of scale windows on the SWNH wall but 
intensive burn-off of SWNH walls, this is deferent from O2 oxidized 
SWNH. 
 
